Abstract. An unusual association of Se minerals was studied. Se enters into the structures of sulphosalts -into bournonite, jamesonite and tintinaite at concentrations up to 0.10, 0.38 and 1.11 apfu, respectively. However, Se and Te, together with Bi, also form discrete minerals such as tetradymite, laitakarite, ikunolite and hedleyite. Members of the laitakarite-ikunolite solid solution display a wide range of anion substitution from the nearly Se-free (0.10 apfu) end member to the S-poor (0.42 apfu) end member. Their contents of Te are low. Accompanying tetrahedrite does not contain Se or Te.
Introduction
In Slovakia, occurrences of Se-and Te minerals are relatively rare in comparison with other sulphide minerals. Besides occurrences in Neogene volcanites (neovolcanites), they have only been identified in a few localities. Tellurides of Bi, Au and Ag occur in the neovolcanites. Tetradymite was described from upkov, Hodruša, Bukovec and Kopanice (Zepharovich 1859, 1873; Lexa et al. 1989; Kalinaj, Bebej 1992; Ma o, Bebej 1994; Jeleò 2003; Sejkora et al. 2004 and others) , hessite from Kremnica, Šobov and Vyhne Ma o et al. 1990; Ma o 1994; Ma o et al. 1996) . Altaite, petzite, stützite, goldfieldite, benleonardite, tellurobismutite were described by Ma o et al. (1987) , Ma o et al. (1990) , Onaèila et al. (1993 ), Ma o (1994 and Ma o et al. (1996) from Kremnica, and Vyhne. A review of the Te-Se mineralogy in the neovolcanic field of Central Slovakia is provided by Jeleò et al. (2004) . An interesting association of Te minerals, including canfieldite, rickardite, sylvanite, altaite, weissite and cervelleite was described from Zlatá Baòa by Kalièiak and Ïuïa (1981) , Ïuïa et al. (1981) and Ïuïa (1986) . New minerals containing Bi and Te (vihorlatite and telluronevskite) were recently identified from Poruba pod Vihorlatom (Øídkošil et al. 2001 (Øídkošil et al. , Skála et al. 2007 ). In addition to the neovolcanite occurrenes, tetradymite has been identified as a component of scheelite mineralization in the Dúbrava deposit by Chovan, Michálek (1988) and tetradymite, together with other Bi tellurides (joséite B, tsumoite, pilsenite, tellurobismuthite and tellurantimony), was identified in the Jasenie-Kyslá scheelite deposit by Beòka and Suchý (1983) and Bláha, Vitásek (1991) . Tetradymite has also been described from Kokava nad Rimavicou (Zepharovich 1859 (Zepharovich , 1973 and from Katarínska Huta where it occurs together with tellurobismuthite (Ferenc 2004; Ferenc, Bakos 2006 ). An association of Bi tellurides and Bi sulphosalts, comprising joséite-A, joséite-B and baksanite, was recently described from Chy né--Herichová (Bálintová, Ozdín 2006) . Minerals, in which selenium dominates, are rare in the Western Carpathians. Up to now, they have been identified only at a few localities. Naumannite was described from Banská Štiavnica (Jeleò 1994) , and clausthalite from Novoveská Huta (Rojkoviè et al. 1993) . Laitakarite and other selenium-rich sulphosalts were found in Hnúš a (Ragan, Caòo 1991) in association with tetradymite (Ragan 1989) . More recently, tsumoite, hessite and pilsenite were identified in paragenesis with chalcopyrite (Ferenc 2004) . High contents of Bi, Se and Te in main sulphides from the Smolník volcanic-sedimentary massive sulphide deposit (Ilavský 1954) suggest the possible occurrence of Se-, Te-and Bi-bearing minerals in the sulphide veins in the deposit surroundings. Peterec (1991 Peterec ( , 1996 , following this suggestion, identified Se and Te minerals for the first time in vein mineralization at Úhorná near Smolník. He described Bi-and Se-bearing jamesonite, Se-bearing "horobetsuite", Se-bearing pekoite, Se-and Te-bearing galena and laitakarite, ikunolite and, questionably, ingodite. The present work contains detailed microprobe analyses of newly found Se-Te minerals as well as precise data for previously reported phases.
Characterization of the locality
Samples of the sulphide mineralization with Se and Te minerals were collected from dumps of the Šarlota-Eleonóra vein system. The NE-SW vein system runs through the Malá kotlina fold and the Kovandská dolina valley approximately 3 km SW of Smolník (Fig. 1) . The ore veins are hosted in porphyroids and phyllites of the Gelnica series (Grecula et al. 1995) . The veins are relatively short (< 300 m) with a maximum thickness of 1 m. They have never been exploited for ore. Only prospecting and minor excavation works were undertaken from 1950-1955. The siderite-quartz-sulphide veins contain variable sulphide contents (Grecula et al. 1995) .
The siderite veins with Bi, Te, Se, Co and Ni minerals are linked to the volcanic-sedimentary massive sulphide deposits in the Smolník area (Grecula et al. 1995; Peterec 1991) . Ilavský (1954) and Peterec (1991) considered that the veins developed during metamorphism of the surrounding rocks and that the ore elements were leached from the Smolník deposit. Grecula et al. (1995) and Radvanec et al. (2004) considered that the siderite veins formed during the Variscan orogeny (with Alpine overprint) and that the source of metals was the surrounding rocks. Hurai et al. (2002) dated the veins as Jurassic-Cretaceous and ascribed their origin to the mixing of marine brines, meteoric water and metamorphogenic fluids.
The veins are mainly filled with siderite and quartz. Sulphide contents reach up to several percents but are usually negligible. Chalcopyrite, pyrite, tetrahedrite, pyrrhotite, arsenopyrite, ullmanite, gersdorffite, galena and some Pb, Cu, Fe, Sb, Bi sulphosalts (e.g., jamesonite and kobellite) have been described (Grecula et al. 1995 , Peterec 1996 . Complex Pb-bearing sulphosalts together with tetrahedrite are deemed to be accumulators of residual elements at the end of the crystallization process. The Bi-Se-Te minerals commonly occur as inclusions and exsolutions in these sulphosalts. Jamesonite, the most common sulphosalt, usually forms needle-like crystals < 1 cm long and commonly contains minor amounts of Bi and Se (Peterec 1991 (Peterec , 1996 . Te minerals and sulphosalts are found in samples with tetrahedrite. Of twenty polished sections of tetrahedrite bearing ore examined, Te minerals were found in only five though sulphosalts occurred in all. 
Methods
The chemical compositions of the sulphosalts and Bi-, Se-and Te phases were obtained using a Cameca SX 100 electron microprobe at the State Geological Institute of Dionýz Štúr, Bratislava. Operating conditions were as follows: accelerating voltage 20 kV, probe current 20 nA and a beam diameter of 5 µm for sulphosalts and, for the Bi-, Se and Te phases, an accelerating voltage 20 kV, probe current 10 and 20 nA and a beam diameter of 1-5 µm. The following standards and spectral lines were used: pure Ag (AgLa), pure Cd (CdLa) and Sb (SbLa), synthetic PbS (PbLa), Bi 2 S 3 (BiLa), Bi 2 Se 3 (SeLb) and Bi 2 Te 3 (TeLa), natural CuFeS 2 (CuKa, FeKa, SKa) and ZnS (ZnKa). The results were corrected using an on-line ZAF correction.
For tintinaite, the homologue number (N) was obtained using the following calculation of Zakrzewski and Makovicky (1986) :
, T + is the content of the tetrahedrally coordinated monovalent cations (Cu), T 2+ is the content of the tetrahedrally coordinated divalent cations (Fe), M 2+ is the sum of divalent cations (Pb, Zn, Cd) and M 3+ is the sum of trivalent cations (Sb, Bi). The content of silver was calculated using the lillianite type of substitution Ag + Bi = 2Pb.
Results
We studied the chemical composition of the common sulphosalts, the rare minerals containing Bi, Se and Te, and of the accompanying tetrahedrite. The Bi-Se-and Te minerals and Bi sulphosalts occur in association with tetrahedrite and chalcopyrite. Sulphosalts such as tintinaite, jamesonite and bournonite form mainly small (< 1-2 mm) needle-like crystals in quartz, siderite and tetrahedrite. The Se-Te minerals occur as small (< 50 mm) platy or needle like crystals or as complex decomposition products enclosed in jamesonite and tetrahedrite. We have identified Bi-and Se-bearing jamesonite, Se-bearing tintinaite, Se-bearing bournonite, tetradymite, native bismuth, minerals of the laitakarite-ikunolite solid solution series, hedleyite and a phase chemically close to X 3 S 4 , where X is Bi + Sb + Cu.
Tetrahedrite
Tetrahedrite is the most common sulphide in the material studied. It forms aggregates of allotriomorphic < 1 cm grains, and intergrowths with chalcopyrite embedded in quartz and siderite. In some cases, small needles of sulphosalts can be seen in the tetrahedrite. No zoning is evident in reflected light or in the BSE images; each grain appears to be chemically homogenous. Although it contains inclusions and decomposition products of Bi-Se-and Te minerals, no significant contents of Se and Te were detected by electron microprobe. Compositionally, the mineral is close to an end-member tetrahedrite with a small content of the tennantite molecule (4.5%) and low trace element content (Table 1) 
Jamesonite
Jamesonite is the most common sulphosalt. It needle-like crystals (< 1 cm) are enclosed in quartz, siderite or most commonly in tetrahedrite. Jamesonite is usually intergrown with tintinaite and contains inclusions and decomposition products of the Bi-, Se-and Te minerals ( Fig. 2A-C) . It is commonly replaced by minerals of the bindheimite group (A 2 X 2 O 6 ) (O,OH,F), where A is usually Pb, Ca, Cu, Sb, Fe and X is usually Sb, in some cases Ti, typically with an exotic chemical composition reflecting the chemical composition of the former jamesonite. Jamesonite is enriched in Bi and Se (Table 2) , which could be explained by a close relationship with Bi and Se minerals; the jamesonite crystallized with these Se-and Bi phases as the one of the latest minerals in the assemblage. Anomalous Cu contents (< 0.78 wt%), could be explained by interference from adjacent tetrahedrite or occupation by Cu of the free tetrahedral places in the jamesonite structure. Contents of Se vary from 0.9-2.6 wt%, and of Bi from 9.3-14.2 wt%. The Sb/(Sb + Bi) ratio is ca 0.8 which is higher than that in the coexisting tintinaite (0.6). 
Tintinaite
Tintinaite is the second most abundant sulphosalt in the material studied. Like jamesonite, with which it is intergrown ( Fig. 2A-C) , it forms needle-like crystals to 1 mm long and contains minute grains and decomposition products of Bi-, Se and Te phases. The microprobe data show the chemical composition to extends along the kobellite-tintinaite solid solution series with a prevalence of Sb over Bi (M 3+ elements) and a dominance of Cu (from 1.7-1.9 apfu) in the tetrahedral positions, which also containing Fe (from 0.25-0.47 apfu). The sum of the tetrahedrally coordinated cations (T) is higher than 2 -the ideal value for phases in the kobellite-tintinaite solid solution series (Zakrzewski, Makovicky 1986) . Taking into account the type of substitutions and the methodology used in the calculations, Cu probably enters the structure via the aikinite-type substitution (Cu + Pb = Bi (Sb) + vac.). The Cu excess in the analyses has the same value as the deficiency of the Bi + Sb contents from a total of 16 apfu. The latest classification of Moëlo et al. (2008) suggests (Cu,Fe) 2 Pb 11 (Bi,Sb) 15 S 35 as the formula for kobellite and Cu 2 Pb 10 Sb 16 S 35 for tintinaite. The low content of Fe and atomic ratios of Pb:Sb + Bi close to 10:16 suggests our phase to be tintinaite, not kobellite. Also, using the 50% rule for solid solution series (Nickel 1992), we consider this phase as tintinaite, not kobellite. The tintinaite is characterized (Table 3) by minor contents As (< 0.4 wt%), Cd (< 0.1 wt%), Zn (< 0.04 wt%) and Ag (< 0.3%). Arsenic is presumably accommodated via the simple As « Bi(Sb) substitution and Cd and Zn replace Pb, i.e. Cd(Zn) « Pb. Silver probably enters the structure via lillianite-type of substitution i.e. Ag + Bi(Sb) = 2Pb. The degree to which Pb falls below an apfu value of 10 matches the content of Ag entering the structure by this type of substitution with adequate content of Sb or Bi. The total content of M 2+ elements is 9.9 and those of Ag, T and M 3+ are 0.1, 2.13 and 15.99 respectively (all values calculated from the mean empirical composition). Using the lillianite substitution 0.1 Ag + 0.1 Bi(Sb) = 0. 
Bournonite
Rare bournonite occurs as small (< 10 mm) inclusions in tetrahedrite. As with all sulphosalts, the bournonite contains small amounts of Se and Bi. The contents of Se vary from 1.6-1.66 wt% and those of Bi from 1.16-1.34 wt% (Table 4) . Small amounts of Zn and Fe (< 0.1 wt%), could be explained by the small size of the bournonite grains and its position within tetra- 
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Bi-Se-Te-S phases (tetradymite group)
Bi-Se-Te minerals are common. They form, together with native bismuth, complex decomposition products of pre-existing unknown minerals (Fig. 2C ) or small (< 50 mm) needles or laths enclosed in tetrahedrite, jamesonite and tintinaite. Several phases have been identified using the electron probe microanalyses (Fig. 3) . Minerals of the laitakarite-ikunolite solid solution series are the most common; tetradymite less so. Of other unnamed phases found, one has a composition close to X 3 S 4 and another, with a composition close to Bi 7 Te 2 Se, is probably a Se-rich analogue of hedleyite (Bi 7 Te 3 ).
Tetradymite forms small (< 50 mm) acicular crystals enclosed in tintinaite (Fig. 2B ), tetrahedrite or jamesonite. Unlike the other minerals of the group, it does not occur as a product of decomposition. It has a homogenous chemical composition with minor amounts of Sb (0.02-0.1 apfu), Cu (< 0.2), Pb (< 0.07) and Se (0.17-0.31). The Se contents move the analyses towards the field of kawazulite (Se-rich end-member of the tetradymite-kawazulite solid solution series). That Cu was not identified in all analyses suggests that any measured derived from hosting tintinaite or tetrahedrite. The general formula for tetradymite is (Bi Hedleyite, very rare; was identified as small (5 mm) acicular crystals together with tetradymite as inclusions in tetrahedrite. In comparison with theoretical hedleyite Bi 7 Te 3, Sb (0.69 apfu) and Pb (0.16) contents tend to be higher. Te position is strongly substituted. Its content of selenium is 0.88 apfu and of sulphur 0.25 apfu. Based on a total of 7 cations (excluding Fe and Cu), the anion content of 3.62 exceeds that in theoretical hedleyite. When calculated with Cu and Fe, the anion content, at 3.35, is closer to the theoretical value. The high content of Sb and Se + S contents could indicate possibly either another phase than hedleyite or the mixture of hedleyite with tetrahedrite or another phase. The contents of Fe and The minerals of the laitakarite (ideally Bi 4 Se 3, but more commonly~Bi 4 (Se,S) 3 )-ikunolite (generally Bi 4 S 3 ) solid solutions series display strong variation in their Se:S ratio (Fig. 4) . Te contents are very low (< 0.26 apfu). Sulphur contents in the laitakarite itself vary from 0.42-1.4 apfu, and selenium from 2.29-1.49. In contrast, sulphur contents in ikunolite vary from 2.98-1.75 and selenium from 0.1-1.16. Moreover, as with the other minerals, the laitakarite-ikunolite phases also contain small amounts of other elements (Table 5) mainly Sb (0.02-0.26 apfu), Pb (< 0.28), Cu (< 0.23) and Fe (< 0.05). Some of these contents could be spurious matrix contaminations due to the very small grain size of the Bi-Se-Te phases and their occurring within tetrahedrite or other sulphosalts. As minerals of the laitakarite-ikunolite series Tables 5 and 6 .
Discussion
Selenium and tellurium minerals are relatively rare in hydrothermal mineralizations in the Western Carpathians. Chemically homogenous tetradymite without any Se substitution occurs in association with scheelite and bismuth minerals at Dúbrava (Chovan, Michálek 1988) , in Au mineralization at Katarínska Huta (Ferenc 2004) and Kokava nad Rimavicou (Ferenc, Bakos 2006 ) and, with a very small amount of Se (< 0.68 wt%) in the volcanic Bi-Te mineralization in upkov (Sejkora et al. 2004 ). In comparison, tetradymite from Uhorná contains a small amount of Se (or the kawazulite molecule) up to 0.31 apfu (3.64 wt%). Various contents of Se (0.5-4.1 wt%) characterize tetradymite associated with other Bi sulphotellurides in the Larga (Plotinskaya et al. 2006) . Based on published data, a complete solid-solution series between kawazulite and tetradymite was proposed by Cook et al. (2007) . All of them show minor deviations from Bi 2 Te 2 S-Bi 2 Te 2 Se. The authors suggest that this may be due to analytical error, or to limited Se-for-Te substitution as previously proposed by Bayliss (1991) .
The phase compositionally close to hedleyite is characterized by high contents of Sb (0.69 apfu) and Pb (0.16 apfu). The contents of Fe (0.21 apfu) and Cu (0.4) could relate to the surrounding tetrahedrite rather than to any substitution and, likewise, the similar Fe content reported by Haruna et al. (2002) . Cook et al. (2007) proposed that only S, Se, Sb and Pb could enter to the structure of hedleyite and not Cu or Fe. In hedleyite from other places, the contents of the permitted elements are quite low. A maximum content of Sb (0.15 apfu) is reported by Cepedal et al. (2006) from Orthosa (Spain). Practically no contents of Pb have been published. Haruna et al. (2002) and Cepedal et al. (2006) reported < 0.05 apfu of Se in hedleyite; neither noted any S. The hedleyite from Uhorná is characterized, in contrast, by high Se contents (< 0.88 apfu) and S (<0.25 apfu). The anion total is also higher (< 0.62 apfu) than the theoretical value (3 apfu). A similar anion excess (< 0.44 apfu) in hedleyite was reported by Cepedal et al. substitution with individual phases characterized by S:Se proportions of 3:0, 2.5:0.5, 1.5:1.5 and 1:2 (Fig. 4) . Comparing the literature data with our results, a complete solid solution between Bi 4 Se 3 and Bi 4 S 3 would appear to exist in natural samples (Fig. 6) The concentration of selenium in the Pb-Sb (Bi) sulphosalts is not common in the Western Carpathians samples. Peterec (1996) , who studied material from the same locality as reported on here using EDX, described Se in sulphosalts such as pekoite, bismuthinite and others. Ragan and Caòo (1991) reported < 0.11 wt% Se in meneghinite and < 4.49 wt% Se in members of the lillianite-gustavite solid solution associated with laitakarite.
Globally, selenium is a common element in the structure of sulphosalts (Mumme 1975; Marcoux et al. 1996; Cook 1998; Borodayev et al. 1998; Vurro et al. 1999; Wagner and Jonsson 2001 , and many others). However, nearly all these minerals are Bi sulphosalts in which Se may actually be dominant, e.g., junoite, wittite, weibullite or could be a typical minor, substituting element, e.g., as in pekoite, lillianite homologous and others. Wagner, Jonsson (2001) described Se-bearing kobellite and bournonite associated with Te-bearing laitakarite in vein mineralization in the Boliden massive sulphide deposit. The Sb/(Sb Bi) of the kobellite from Boliden (0.61) is very similar to that in the Úhorná tintinaite (0.60). Wagner and Jonsson (2001) identified the Boliden phase as kobellite using the calculation for the kobellite homologous series proposed by Zakrzewski and Makovicky (1986) and Moëlo et al. (1995) , but without diffraction data. Recalculating the Boliden analysis using the formulas of tintinaite and kobellite proposed by Moëlo et al. (2008) , confirms the Boliden phase to be kobellite; the Pb:(Sb + Bi) of this phase is 11.2:14.78 (after Ag subtraction via Ag + Bi = 2Pb substitution).
In contrast, the phase from Úhorná with a similar Sb/(Sb + Bi) is tintinaite in which the Pb:(Sb + Bi) is 10.1:15.89 (after Ag subtraction via Ag + Bi = 2Pb substitution). The Se content of the Boliden samples (< 3.5 apfu) is higher than in the Úhorná material (< 1.25 apfu). Se/(Se + S) in the tintinaite and bournonite from Úhorná (0.03) is lower than that of the Boliden specimens (0.09); the activity of selenium was presumably lower in the former. The associated tetrahedrite from both localities is Se-and Te free. The laitakarite and bournonite at Boliden originated as a result of kobellite decomposition whereas the Úhorná laitakarite and tintinaite are primary minerals. Some amounts of laitakarite-ikunolite at Úhorná could also have originated through decomposition of an unknown mineral together with native bismuth.
